Organelle movement and positioning are essential for proper cellular function. A nucleus moves dynamically during cell division and differentiation and in response to environmental changes in animal, fungal, and plant cells. Nuclear movement is well-studied and the mechanisms have been mostly elucidated in animal and fungal cells, but not in plant cells. In prothallial cells of the fern Adiantum capillus-veneris and leaf cells of the flowering plant Arabidopsis thaliana, light induces nuclear movement and nuclei change their position according to wavelength, intensity, and direction of light. This nuclear photorelocation movement shows some common features with the photorelocation movement of chloroplasts, which is one of the best-characterized plant organelle movements. This review summarizes nuclear movement and positioning in plant cells, especially plant-specific nuclear photorelocation movement and discusses the relationship between nuclear photorelocation movement and chloroplast photorelocation movement.
Introduction
Nuclei are one of the most important organelles in eukaryotes because nuclei compartmentalize most genomic information as DNA sequences and co-ordinate most cellular processes such as growth, metabolism, protein synthesis, and reproduction. Thus, nuclear dynamic movement to proper positioning at the correct functional location is essential for cellular functions in animal, fungal, and plant cells (Takagi et al., 2011; Gundersen and Worman, 2013) .
The molecular mechanisms of nuclear movement and positioning in plants are not yet known, but have been studied extensively in animal and fungal cells (Gundersen and Worman, 2013) . In vertebrates, nuclear movement and positioning are dependent on both microtubules and actin filaments, and the connection between the cytoskeleton and the nucleus is dependent on nuclear envelope-associated proteins such as the lamins, SPINDLE ARCHITECTURE DEFECTIVE1/UNC84 (SUN), and KLARSICHT/ANC-1/ SYNE HOMOLOGY (KASH). The inner nuclear membrane SUN proteins interact with nuclear lamina at the intranuclear side and the outer nuclear membrane KASH proteins in the perinuclear space. KASH proteins bind directly or indirectly to cytoskeletal filaments. Consequently, the SUN-KASH complex contributes to nuclear movement through connecting the cytoskeleton and nucleoskeleton (i.e. lamins) (Boruc et al., 2012; Gundersen and Worman, 2013) . When KASH proteins are indirectly connected to microtubules via kinesins or dyneins, nuclei move as a consequence of a pushing force derived from microtubule polymerization, or a pulling force derived from microtubule depolymerization or motor proteins anchored in the cortex or cytoplasm. These mechanisms are observed in male pronuclear migration towards female pronuclei and zygote formation at the centre of vertebrate and invertebrate eggs ( Fig. 1A ) (Reinsch and Gonczy, 1998) . Furthermore, nuclei move by motor-dependent transport along microtubules in female pronuclear-type nuclear movement (Fig. 1B ) (Reinsch and Gonczy, 1998) . Nuclear migration away from the leading edges of fibroblasts is driven by myosin-dependent retrograde flow of the actin filaments, which are directly connected to the nuclear envelope by the SUN-KASH complex ( Fig. 1C) (Gomes et al., 2005; Luxton et al., 2010) .
Similar to animal and fungal cells, nuclear movement and positioning in plant cells occurs during various cellular processes and is dependent on both the actin filament and microtubule cytoskeleton (Takagi et al., 2011) . However, the motility systems of plant nuclear movement are poorly understood. In this review, we will overview nuclear movement and positioning in plant cells with an emphasis on plant-specific photorelocation movement.
Nuclear movement and positioning in plant cells
Plant nuclear movements can be classified into several categories: (i) nuclear movement during cell division, (ii) movement during tip growth in root hairs, pollen tubes, and protonemal cells of ferns and mosses, and (iii) movement to adapt to biotic and abiotic environment changes.
The first category represents the most common type of nuclear positioning movement in plants. A nucleus changes its positioning dynamically during cell division (Smith, 2001; Menke and Scheres, 2009) . In vacuolated interphase tobacco BY-2 cells, the nucleus in the G 0 or G 1 stage is located close to the plasma membrane, but migrates before mitosis to the future division plane, usually at the cell centre, using transvacuolar cytoplasmic strands (Katsuta et al., 1990) . Proper movement and positioning of nuclei towards the cell centre is essential for the generation of two daughter cells of equal sizes. Actin filaments, but not microtubules, are responsible for the positioning of the nucleus at interphase in tobacco BY-2 cells (Katsuta and Shibaoka, 1988) . However, microtubules seem to play an important role in pre-mitotic positioning of the nucleus (Katsuta et al., 1990) . Asymmetric cell divisions, such as during stomata formation (Geisler et al., 2003; Cartwright et al., 2009) , root hair initiation (Chytilova et al., 2000; Ketelaar et al., 2002) , and side branch formation of fern and moss protonemata (Wada, 1995) , have been interesting subjects in plant morphogenesis because these processes are crucial for plant pattern formation. The site of cell plate formation is decided by a pre-prophase band (PPB) of microbutules in the case of plant cells (Mineyuki, 1999) , and nuclei also migrate towards the future division site (Tanaka and Ito, 1981) . Hence, the PPB looks to participate in pre-mitotic migration of the nucleus to the appropriate position. However, it was found that PPB formation and pre-mitotic nuclear migration were controlled by different mechanisms because an inhibitor of DNA polymerase α, aphidicolin, suppressed PPB formation, but not pre-mitotic nuclear migration (Katsuta et al., 1990) .
The second category is nuclear migration in tip-growing cells such as pollen tubes, root hair cells, and fern and moss protonemata. Tip growth and nuclear movement are coordinated to keep a constant distance between the cell tip and the nucleus (Baluska et al., 2003) , probably to maintain an efficient supply of mRNAs necessary for tip growth and the production of new chloroplasts and other organelles. For example, during tip growth of filamentous protonemata of the fern Adiantum capillus-veneris the nucleus moves with the cell apex and locates at a fixed distance of 60-70 μm from the apex (Wada and O'Brien, 1975; Kadota and Wada, 1995) . At the apical pole of the spindle-shaped nucleus a type of invagination was always observed, from which microtubule or microtubule-like filaments could be traced, penetrating through the cytoplasm towards the apical part of the cell (Wada and O'Brien, 1975) . This experiment was performed using ultra-thin sections for electron microscopy so a full trace of the filament system using serial sections was not possible, but it is plausible that cytoskeletal systems (microtubules and/ or actin filaments) connect the nuclear pole and the apical part of the cell to keep the distance constant. An actin filament inhibitor cytochalasin B abrogated both tip growth and nuclear movement whereas a microtubule inhibitor colchicine attenuated tip growth and induced the basipetal movement of the nucleus (Kadota and Wada, 1995) . These results indicate that both actin and microtubule cytoskeletons are necessary to keep a constant distance between the tip and the nucleus and that microtubules and actin filaments play an important role in anchoring the nucleus and in nuclear movement along the cell axis, respectively. In root hair cells, nuclear positioning is retained until cell maturation, at which point the nucleus changes behaviour and moves randomly (Ketelaar et al., 2002; Van Bruaene et al., 2003) .
The third category of nuclear movement is movement to deal with fluctuating or unexpected and sudden changes of environmental conditions. Plant nuclei need to change their intracellular localization rapidly in response to various biotic and abiotic environmental stresses such as mechanical stimulations (Nagai, 1993) or sudden changes in temperature and light. Since plants are sessile organisms they have to adapt to a fluctuating environment. For example, wounding or pathogen attack induces nuclear movement to a cell wall adjacent to the stressed site and this movement is dependent on actin filaments (Nagai, 1993; Skalamera and Heath, 1998) . Moderate mechanical stimulation without wounding also causes nuclear movement (Kennard and Cleary, 1997) . Lightinduced nuclear movement and positioning (nuclear photorelocation movement) was found in several plant cell types Male pronuclear-type nuclear movement mediated by microtubule (blue line) polymerization. Newly polymerized microtubule (red line) generates a pushing force against the cell cortex (grey arc). Consequently, the nucleus (orange circle) moves away from the cell cortex. (B) Female pronuclear-type nuclear movement mediated by a motor protein (kinesin or dynein, red shape) associated with a microtubule (blue line). Kinesins or dyneins attached to a nucleus carry the nucleus toward the plus-end or minus-end directions of microtubules, respectively. (C) Nuclear movement in fibroblasts. The force of nuclear movement is generated by the actomyosin-dependent retrograde flows of actin filaments (red lines). (Senn, 1908) , such as prothallial cells of the fern Adiantum (Kagawa and Wada, 1993; 1995) and mesophyll and epidermal cells of Arabidopsis thaliana (Iwabuchi et al., 2007 (Iwabuchi et al., , 2010 and is discussed below in detail.
Chloroplast movement as an introduction to nuclear photorelocation movement Among plant organelle movements, light-induced chloroplast movement (chloroplast photorelocation movement) is one of the best-studied phenomena . As discussed below, chloroplast photorelocation movement is highly similar to nuclear photorelocation movement and therefore chloroplast photorelocation movement is briefly introduced here. Chloroplasts move toward weak light and settle at the upper and lower cell surface (periclinal walls) to maximize light absorption and to optimize photosynthesis (accumulation response), but move away from strong light and relocate to the side of the cell (anticlinal walls) to avoid photodamage (avoidance response). In darkness, the distribution pattern of chloroplasts (dark positioning) varies among plant species and tissues (Senn, 1908) . For example, chloroplasts are located at the base of the cell in Arabidopsis leaf cells (Suetsugu et al., 2005a) and on anticlinal walls attached to neighbouring cells in Adiantum prothallial cells (Kagawa and Wada, 1994; Tsuboi and Wada, 2012a) . Chloroplast photorelocation is induced by blue light in most plant species including Arabidopsis . Blue-light-mediated chloroplast movement is regulated by the blue light receptor phototropin (phot) (Jarillo et al., 2001; Kagawa et al., 2001; Sakai et al., 2001) , which also mediates other blue light responses such as phototropism (Huala et al., 1997; Sakai et al., 2001 ) and stomatal opening (Kinoshita et al., 2001) . Phototropin is a light-activated receptor kinase containing two light, oxygen, or voltage (LOV) domains at the N-terminus, each of which binds a flavin mononucleotide (FMN) chromophore, and a C-terminal serine/threonine protein kinase domain (Christie, 2007) . It was previously thought that the blue light receptor for chloroplast movement might be localized on the plasma membrane because chloroplast photorelocation movement exhibits clear dichroism in response to polarized light . In accordance with the physiological data, phototropins are plasma membrane-associated proteins (Christie, 2007) . Both Arabidopsis and Adiantum have two phots, phot1 and phot2. phot2 specifically regulates the avoidance response in both species (Jarillo et al., 2001; Kagawa et al., 2001 Kagawa et al., , 2004 , and phot1 and phot2 redundantly mediate the accumulation response in Arabidopsis ) and probably in Adiantum Tsuboi et al., 2007) . Dark positioning is mediated primarily by phot2 in both species (Suetsugu et al., 2005a; Tsuboi et al., 2007; Tsuboi and Wada, 2012a) . In some fern, moss, and green algal species, red light, in addition to blue light, can induce chloroplast photorelocation movement . The red light-induced chloroplast movement is abrogated by far-red light irradiation and the effect of red light and far-red light is reversible, indicating that the red light receptor is a phytochrome. However, phytochromes in general mediate changes in gene expression following localization to nuclei (with some additional cytosolic responses) (Chen and Chory, 2011) , in contrast to the physiological data indicating that the red light receptor for chloroplast movement might be localized on the plasma membrane . In Adiantum, red-light-induced chloroplast movement is mediated by neochrome1 (neo1) (Kawai et al., 2003) , which is a chimeric photoreceptor protein with an N-terminal chromophore-binding domain of phytochrome and a fulllength phototropin at the C-terminus (Nozue et al., 1998) . Two neochromes were found in the green alga Mougeotia scalaris, which also shows phytochrome-dependent chloroplast movement (Suetsugu et al., 2005b) .
Chloroplast movement depends on actin filaments for its motility system, similar to other plant organelle movements . Although the movements of mitochondria, peroxisomes, Golgi bodies, and endoplasmic reticulum are dependent on myosin motor proteins and cytosolic actin cables (Sparkes, 2010) , the role of myosins in chloroplast movement is still controversial (Suetsugu et al., 2010a) . Instead, detailed microscopic analysis of moving chloroplasts in Arabidopsis revealed that short actin filaments, named 'chloroplast-actin filaments' (abbreviated as cp-actin filaments), were specifically localized around the periphery of stationary chloroplasts (Kadota et al., 2009) . The cp-actin filaments enable chloroplast attachment to the plasma membrane and mediate chloroplast photorelocation movement by changing their distribution pattern (Kadota et al., 2009) . Filaments transiently disappear immediately after strong light irradiation and reappear at the future front region (Kadota et al., 2009; Kong et al., 2013) . When a sufficient amount of cp-actin filaments accumulate at the front region, chloroplasts start moving ( Fig. 2A) (Kadota et al., 2009; Kong et al., 2013) . In response to weak light, cp-actin filaments accumulate at the front region without the transient disappearance observed in the strong light-induced avoidance response ( Fig. 2B) (Kadota et al., 2009; Kong et al., 2013) . Light regulation of cp-actin filaments is mediated by phototropins (Kadota et al., 2009; Ichikawa et al., 2011; Kong et al., 2013) . chloroplast unusual positioning 1 (CHUP1), kinesin-like protein for actin-based chloroplast movement 1 (KAC1), and KAC2 are essential for chloroplast movement and positioning where they are necessary for polymerization and/or maintenance of cp-actin filaments (Kadota et al., 2009; Suetsugu et al., 2010b) . In Adiantum and the moss Physcomitrella patens, cp-actin filaments are also observed during chloroplast photorelocation movement (Yamashita et al., 2011; Tsuboi and Wada, 2012b) and orthologues of phototropins, CHUP1, and KACs regulate chloroplast photorelocation movement and positioning Kasahara et al., 2004; Usami et al., 2012) , indicating that cp-actinfilament-mediated chloroplast photorelocation movement is highly conserved in land plants.
Nuclear photorelocation movement and the photoreceptor system regulating this process in the fern Adiantum capillus-veneris Nuclear photorelocation movement was found in singlelayered prothallial cells of the fern Adiantum (Kagawa and Wada, 1993) . In darkness, nuclei are located at the anticlinal walls (Kagawa and Wada, 1993) (Fig. 3A) . In weak white light-adapted cells in which chloroplasts show an accumulation response, nuclei are localized under chloroplasts at the upper cell surface (Kagawa and Wada, 1993) (Fig. 3A) . In strong white-light-irradiated cells in which chloroplasts show the avoidance response, nuclei are localized on the anticlinal walls similar to the situation in dark-adapted cells (Tsuboi et al., 2007) (Fig. 3A) . When dark-adapted prothalli were irradiated with weak white light, nuclear movement from the anticlinal walls to the cell surface began within the first 4 h and was completed by 8 h (Kagawa and Wada, 1993) . Conversely, when weak-light-adapted prothalli were transferred to darkness, nuclear movement from the cell surface to the anticlinal walls occurred gradually, taking 24 h for the first nuclear movement to be detected and 36 h for completion of the movement of all nuclei (Kagawa and Wada, 1993) . Thus, weak-light-induced nuclear migration from the anticlinal to periclinal walls is much slower than the chloroplast accumulation response, whereas dark positioning of both nuclei and chloroplasts is comparable (Tsuboi et al., 2007; Tsuboi and Wada, 2012a) .
Nuclear photorelocation movement was also induced by polarized red or blue light whereby the activation of photoreceptors is induced primarily on the plasma membrane parallel to the vibration plane of polarized light (Kagawa and Wada, 1995) (Fig. 3B) . When dark-adapted prothallial cells were irradiated with horizontally vibrating polarized red (1.2 W m -2 ) or blue (0.7 W m -2 ) light from the horizontal direction for 8 h (i.e. activation of photoreceptors at the periclinal walls), chloroplasts moved to the site rich in excited photoreceptors (i.e. periclinal walls) and approximately 35% and 50% of nuclei moved from the anticlinal wall to the periclinal wall (i.e. cell surface), respectively (Kagawa and Wada, 1995) . However, when prothallial cells were irradiated with vertically vibrating polarized red or blue light (i.e. activation of photoreceptors at the anticlinal walls), nuclei on the anticlinal walls in dark-adapted cells did not move. This is because these nuclei were localized on cell walls parallel to the vibration plane of the polarized light. These results clearly indicate that both the blue and red light receptors mediating the nuclear photorelocation response are localized on the plasma membrane with transition moments parallel to the plasma membrane (Kagawa and Wada, 1995) . Although red light at 0.1 W m -2 could induce considerable nuclear movement from the anticlinal wall to the cell surface (about 30%), blue light at 0.7 W m -2 was required to induce nuclear movement at a comparable level to that of red light (Kagawa and Wada, 1995) indicating that the red light receptor is much more sensitive than the blue light receptor for nuclear photorelocation movement. Similarly, the red light receptor for the chloroplast accumulation response, neochrome, is more sensitive than the blue light phototropin receptors for the induction of chloroplast movement (Kagawa and Wada, 1996) . The effect of either red or blue light irradiation is rather weak compared with that of white light of the same fluence rate Wada, 1993, 1995) . The additive effect of white light could be explained by the involvement of two different photoresponses for red-and blue-light-induced nuclear photorelocation. Indeed, the effect of red light but not blue light was cancelled by far-red light (Kagawa and Wada, 1995) indicating that the former was phytochrome-dependent, but the latter was mediated by a non-phytochrome, blue light receptor, similar to the situation for chloroplast photorelocation movement (Kagawa and Wada, 1996) . Therefore, it has been suggested that the photoreceptor system for the nuclear photorelocation response is the same as that for chloroplast photorelocation movement.
Identification of the photoreceptor system regulating nuclear photorelocation movement in the fern Adiantum capillus-veneris
Mutant analyses using phot2, neo1, and phot2neo1 mutant prothalli in Adiantum revealed that phot2 and neo1 (and possibly phot1 too) mediate nuclear photorelocation movement (Tsuboi et al., 2007) . When weak light-adapted prothalli were incubated for 1 d in the dark approximately 80% of nuclei moved from the upper cell surface to the anticlinal walls (dark positioning) in both WT and neo1 (Tsuboi et al., 2007) . However, only about 20% and 5% of nuclei were positioned at the anticlinal wall with 60% and 80% of nuclei remaining at the cell surface in phot2 and phot2neo1 after 1 d dark, respectively (Tsuboi et al., 2007) (Fig. 3B) . To induce complete dark positioning in phot2 and phot2neo1 it took 4 d dark treatment (Tsuboi et al., 2007) . These results indicate that phot2 and to a limited extent neo1 mediate dark positioning of the nucleus and that phot1 is also necessary for residual dark positioning in phot2neo1. Defects in nuclear dark positioning mirrored the defects in dark positioning of chloroplasts in phot2 and phot2neo1 (Tsuboi et al., 2007; Tsuboi and Wada, 2012a ).
Even after 26 h irradiation of weak light-adapted prothalli with strong white light a nuclear avoidance movement from the cell surface to the anticlinal wall was not observed in phot2 and phot2neo1 mutants (Fig. 3B) , indicating that phot2 is the sole photoreceptor for the avoidance movement (Tsuboi et al., 2007) . When weak light-adapted prothalli were irradiated with horizontally or vertically vibrating polarized red light from a horizontal direction for 26 h, nuclei were localized on the upper cell surface or the anticlinal walls in WT and phot2, respectively (Tsuboi et al., 2007) . However, in neo1 and phot2neo1, nuclei were constitutively localized on the side walls and the upper cell surface, respectively, regardless of the vibration plane of the polarized red light, as if they were adapted in darkness (Tsuboi et al., 2007) (Fig. 3B) . This indicates that neo1 is the sole photoreceptor for red light-induced nuclear movement. Polarized blue light from a horizontal direction induced nuclear photorelocation movement towards the cell walls parallel to the vibration plane in WT and neo1, but phot2 was partially defective in vertically polarized blue lightinduced movement and phot2neo1 nuclei were constitutively localized at the cell surface (Tsuboi et al., 2007) (Fig. 3B ). This indicates that under these experimental conditions phot2 and neo1 redundantly mediate blue light-induced nuclear movement. However, irradiation with horizontally vibrating blue light was just as effective at inducing nuclear movement from the anticlinal walls to the cell surface in 4 d dark-adapted phot2 and phot2neo1 as it was in the WT (Tsuboi et al., 2007) , indicating that phot1 is able to mediate nuclear movement in a similar way to phot2 and neo1. Collectively, these results indicate that nuclear and chloroplast photorelocation movements share the same photoreceptor system in Adiantum.
Phototropin-mediated nuclear photorelocation movement in leaf cells of Arabidopsis thaliana
Nuclear photorelocation movement was also observed in Arabidopsis (Iwabuchi et al., 2007) . In leaf mesophyll cells in which blue-light-dependent chloroplast movement was induced in a phototropin-dependent manner, nuclei were positioned at the bottom of the cell in darkness (dark position) and relocated to anticlinal walls after a strong blue light treatment (light position) (Fig. 4B) . Importantly, contrary to nuclear photorelocation in Adiantum, nuclear accumulation towards the upper periclinal walls under weak light irradiation was not observed in Arabidopsis (Iwabuchi et al., 2007) . Thus, Arabidopsis only displayed the nuclear avoidance response induced by strong light. Experiments to determine the wavelength-and fluence rate-dependency of nuclear positioning revealed that blue light (470 nm) specifically induced nuclear photorelocation, with green (510-560 nm), red (660 nm) or far-red (730 nm) light all being ineffective. Moreover, blue light stronger than 50 μmol m -2 s -1 was required to induce an efficient nuclear avoidance response (Iwabuchi et al., 2007) . Time-course experiments for light-induced nuclear movement in mesophyll cells showed that the proportion of nuclei in the light position was sharply elevated from approximately 5% to 80% within the first 2 h after irradiation of darkadapted leaves with 100 μmol m -2 s -1 blue light and that the response was saturated after 5 h (Iwabuchi et al., 2007) . Conversely, when light-adapted plants were transferred to the dark, the proportion of nuclei located in the light position changed from approximately 80% to 25% within the first 4 h and gradually decreased to about 10% after 16 h (Iwabuchi et al., 2007) . When phototropin mutants were analysed, nuclei of both WT and phot1 migrated from the bottom of the dark-adapted cells to the light position when irradiated with strong blue light, but movement was not observed in phot2 and phot1phot2 mutants, indicating that phot2 is the only blue light receptor for the nuclear avoidance response in Arabidopsis mesophyll cells. In similar strong light conditions, chloroplasts are located on both the upper and lower cell surface in phot2 mutant cells, but nuclei are situated only on the bottom of the cell, as they would be in weak-lightadapted WT plants. Therefore, unlike in Adiantum, nuclear movement does not always follow the pattern of chloroplast movement in Arabidopsis. Importantly, the phot2-dependent nuclear avoidance response is found even in Arabidopsis leaf pavement cells where there are only a small number of immature plastids (Iwabuchi et al., 2007 (Iwabuchi et al., , 2010 (Fig. 4A) . Hence, nuclear photorelocation movement is probably independent of chloroplast.
Nuclei and chloroplasts may utilize different actin-dependent mechanisms for photorelocation
Although an actin-based mechanism for chloroplast photorelocation movement is being uncovered (Kadota et al., 2009; Kong et al., 2013) , a cytoskeleton-based mechanism for nuclear photorelocation movement remains to be determined. Both microtubule-dependent and/or actin-based nuclear movement responses are observed in nuclear movement during cell division and tip growth. However, inhibitor analysis of nuclear photorelocation movement in Arabidopsis mesophyll and pavement cells showed that latrunculin B, an actin-depolymerizing reagent, completely inhibited both the strong light-induced avoidance response and dark positioning, but propyzamide, a microtubule-depolymerizing reagent, did not, indicating that nuclear photorelocation movement depends strictly on actin filaments (Iwabuchi et al., 2010) . In pavement cells, which are relatively flat and have an interdigitating jigsaw puzzle-shape, nuclei are located near the centre at the bottom of the cell and are associated with longitudinally-aligned thick actin bundles on the cell bottom in darkness regardless of cell shape and phot mutant genotype (Iwabuchi et al., 2010) . In strong-light-irradiated epidermal cells, most nuclei were located at the anticlinal walls and were associated with thick actin bundles attached along the anticlinal walls. This suggests that the bundles were rearranged from the cell bottom toward the anticlinal walls and that associated nuclei move a relatively short distance during the avoidance response accompanied by actin bundle rearrangement. However, in phot2 and phot1phot2 mutants, both the repositioning of the nuclei and the rearrangement of actin bundles were absent under blue light irradiation (Iwabuchi et al., 2010) . It is not clear whether rearrangement of actin bundles from the bottom of the cell to the anticlinal walls is the cause or effect of the nuclear avoidance response, because the observation of actin filaments was performed using samples that were fixed before and after strong light irradiation. In vivo observation of the dynamics of actin filaments during nuclear photorelocation movement is required. Curiously, in Adiantum, AcKAC1, an orthologue of the Arabidopsis KAC1 and KAC2 proteins that are essential for cp-actin-mediated chloroplast movement and positioning (Suetsugu et al., 2010b) , is necessary for proper positioning of both chloroplasts and nuclei , suggesting that nuclear positioning is regulated by a similar actin-dependent mechanism found in chloroplast movement.
Correlation of nuclear and chloroplast movement induced by other stimuli
Nuclear and chloroplast photorelocation movement shares a photoreceptor system, but the signalling and/or motility systems are likely to be distinct as discussed above. However, interestingly, there are some examples in which nuclear and chloroplast movement is coupled in different stimulus-induced responses.
For example, whole cell irradiation with red light either from above or the side of Adiantum neo1 mutant prothallial cells induced both chloroplast and nuclear movement from the anticlinal walls to the cell surface (Sugiyama and Kadota, 2011) , although polarized red light was totally ineffective for the induction of either of these movements in neo1 prothalli (Tsuboi et al., 2007) . This neo1-independent movement of both chloroplasts and nuclei was blocked by the photosynthesis inhibitors 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) and 2,5-dibromo-3-methyl-6-isopropylbenzoquinone (DBMIB) and induced by treatment with sucrose and glucose (but not mannitol) even in darkness (Sugiyama and Kadota, 2011) . This indicates that neo1-independent movement of both chloroplasts and nuclei induced by red light is photosynthesis-dependent and that photosynthetic products might be the trigger for these movement responses.
Recently, cold-induced chloroplast relocation movement under weak white light was rediscovered in Adiantum (Kodama et al., 2008) and in the liverwort Marchantia polymorpha (Ogasawara et al., 2013) . Gustav Senn had originally examined cold-induced chloroplast movement using other plant species (Senn, 1908) . Chloroplasts located at periclinal walls in light-adapted cells migrated to anticlinal walls under a cold environment when the temperature was below 10 °C in both species (Kodama et al., 2008; Ogasawara et al., 2013) , and interestingly phot2 is essential for this response in Adiantum (Kodama et al., 2008) . Nuclei also showed coldinduced movement from the cell surface to the anticlinal walls (Kodama et al., 2008; Ogasawara et al., 2013) . Because light is necessary for cold-induced movement of nuclei and chloroplasts (Kodama et al., 2008; Ogasawara et al., 2013) , cold stress may modulate phot2-dependent movement of nuclei and chloroplasts by directly regulating the light sensitivity of phot2 or its signalling mechanism.
A plant-specific molecular mechanism of nuclear movement
Plants have proteins homologous to vertebrate nuclear envelope proteins that have been shown to be involved in nuclear movement and positioning in animals and fungi. A. thaliana has four putative nuclear lamina proteins, LITTLE NUCLEI 1 to 4 (LINC1 to 4) (Dittmer et al., 2007; Sakamoto and Takagi, 2013) , two SUN-like proteins, AtSUN1 and AtSUN2 (Oda and Fukuda, 2011) , and three KASH-like WPP domaininteracting proteins (WIPs), AtWIP1 to 3 (Zhou et al., 2012) . Mutant plants deficient in these factors had nuclei of an abnormal shape and size, but the positioning and movement of nuclei were unaffected (Oda and Fukuda, 2011; Zhou et al., 2012; Sakamoto and Takagi, 2013) . Importantly, bluelight-induced nuclear avoidance response was normal even in linc double mutant plants that showed a severe defect in nuclear morphology (Sakamoto and Takagi, 2013) . Recently, it was found that a nuclear membrane-localized myosin XI-i links the nuclear membrane to an actin filament to mediate nuclear movement and nuclear shape (Tamura et al., 2013) . However, blue light-induced nuclear avoidance movement was normal in myosin XI-i mutant plants although darkinduced nuclear movement was slightly retarded (Tamura et al., 2013) . Therefore, nuclear photorelocation movement is probably mediated by a molecular mechanism different from that found in animals and fungi.
Photorelocation movements of nuclei and chloroplasts share many common features, for example, the localization patterns in fluctuating light conditions, the wavelength of light that regulates these processes and the photoreceptors involved, and the necessity for actin filaments. Although the chloroplast avoidance response is known as an effective strong light protection response , the nuclear avoidance response toward the side walls of plant cells under strong light is thought of as a UV protection response (Takagi et al., 2011) . However, nuclear photorelocation is much slower than that of chloroplasts and thus nuclear photorelocation movement may not be an effective UV protection response. Analysis of UV resistance in mutant plants defective in nuclear movement is required. It has been presumed that the same factors and mechanisms are used for both nuclear and chloroplast motility systems. Observations in Arabidopsis epidermal cells suggest the involvement of thick actin bundles in nuclear movement contrary to the chloroplast motive mechanism, which is based on cp-actin filaments. In previous studies, the experiments were conducted in fixed cells, and the nuclear position was observed as a result of nuclear migration under the light environment. Future studies ought to observe and analyse the behaviour of nuclei and actin filaments responding to changes in light conditions within living cells in order to elucidate the mechanisms involved in nuclear photorelocation movement.
